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Introduction
Thermoelectric generators (TEGs) are solid-state devices that convert thermal energy into electrical energy exploiting the Seebeck effect. TEGs do not have any moving parts; they are small, compact in size and very robust. The use of TEGs is not widely extended due to their low efficiency, around 5%. Thermoelectric technology gained more commercial success in cooling applications where thermoelectric devices are used as heat pumps [1] . TEGs have been used in the past in applications where only thermal energy was available e.g., in space or remote applications, as in the Voyager mission. More recently researchers have proposed applications of TEGs to generate electricity from waste heat [2] that otherwise would be lost in the environment. Some examples are energy generation from a combustion chamber [3] , biomass cooking stove [4] , wood burning stove [5] , [6] or gas stove [7] , [8] . Other applications can be found in the automotive sector where the heat sources are the exhaust [9] , [10] , [11] or a catalytic combustor [12] . In these applications proper thermal management is required and some applications using heat pipes have been developed [13] . TEGs can also be connected in series and in parallel to adjust the overall output voltage and current of the TEG module [14] . In most of the referenced applications the heat source can provide only a limited amount of thermal energy. The temperature gradient developing across the TEG system depends on the thermal resistance of the heat exchangers and the TEG devices. It is commonly accepted in literature [15] , [16] that the MPP of a TEG operating under constant temperature difference can be found from the maximum power transfer theorem which states that the generated power is maximised when the external electrical load is matched to the TEG's internal resistance, i.e. !"#$%& = !"#$ . Under these conditions the load voltage settles at half of the opencircuit voltage, i.e. !"#$ = 0.5 • !" or, defining a new parameter, = !"#$ !" = 0.5. However, in real applications the temperature gradient across the TEGs is never constant. It varies with the thermal power available and with the effective thermal resistance of the TEG devices. In fact, the heat flux through the TEG from the hot to the cold side changes with the load current generated by the TEG according to the Peltier effect, considered parasitic in power generation. This effectively means that the thermal resistance of the TEG device varies with the electrical current that it generates. Eq. (1) represents the sum of powers at the hot side of a TEG in power generation mode and thermal steadystate conditions.
Where Q H is the heat flux absorbed by the TEG at the hot side, ∆ is the thermal conduction term, ! is the heat transfer from the hot side due to the Peltier effect and 0.5 • ! is the heat flowing back to the hot side due to internal Joule heating. This equation is obtained solving the onedimensional heat conduction equation for thermoelectric generators [17] , [18] . The Thomson effect, which describes the variation of the Seebeck coefficient α with average temperature is here neglected due to its small contribution compared to the other terms [19] . Substituting ! = ! + ∆ , being ∆ the temperature across the TEG, into Eq.(1) we obtain Eq.(2).
As shown in Eq (2), there is an amount of heat that flows from the hot to the cold side that depends on the current through the TEG and it contributes to the decrease of temperature between the TEG faces as compared to an open-circuit situation, when the current through the TEG is equal to zero. This is due to the Peltier effect. It also shows that there is a contribution from the internal Joule heating, but this contribution is smaller than the Petier effect [18] . If Q H is maintained constant ΔT is maximum when no current is generated by the TEG. ΔT progressively decreases with an increase in electrical current. In order to maintain a constant temperature difference across the TEG device while the output current is increased, extra thermal energy must be transferred into the system to compensate for the Peltier effect contribution. This is not possible with limited heat sources. There are many applications where the amount of heat is limited and therefore it is not possible to maintain a constant temperature across the TEG while the TEG current varies. Previous studies [20] - [26] have shown that under these conditions the maximum power delivered by the TEG is not produced when !"# = !"#$ . The optimum external load is related to the figure of merit ZT as shown in Eq.(3):
whose parameters vary with the average temperature of the TEG device and therefore it is not possible to establish a fixed value for the optimum load when the temperature across the TEG varies. Recent studies have shown that the MPP of TEGs operating under constant heat flux is found when > 0.5. Montecucco et al. [26] supports this argument through the use of theoretical simulations confirmed by the work of Min [27] . These studies also show that the ratio at which the MPP is achieved changes with the amount of heat flux through the TEG. Maximum power point tracking (MPPT) systems use DC-DC converters to operate the TEG at the MPP. This is achieved by controlling the input current or voltage of the converter so that the TEG operates at the MPP. Some of the most common MPPT techniques used, like P&O or IC, change the operating point of the TEG by monitoring (sampling) the output power of the device until the MPP is reached. The dynamic response of the system must be taken into consideration so that the MPPT algorithm measures the correct steady-state value of power, otherwise the power converter will not be able to track the correct MPP. Traditional MPPT algorithms like P&O or IC operate using sampling times that are several orders of magnitude shorter than the thermal time constants of TEG systems. The thermal time constant of a TEG system is defined in this paper as the time required for the system to change 63.2% the total difference between the initial and final temperature across the TEG plates when a load step change is applied at its terminals. The thermal time constant depends on the thermal resistance and the thermal capacitance of the different elements in the system, such as heat exchangers, thermoelectric device and the interfaces between these elements. A practical MPPT development is sensitive to the size and thermal time response of the system in use, hence the MPPT response parameters might need to be tuned to the particular system where it is used to achieve optimal performance.
Changing the operating point of a TEG at fast frequencies (compared to the thermal time constant of the system) will not allow for temperature changes across the TEG, which would be equivalent to operate at constant ∆ between consecutive samples. Without allowing the TEG system to reach steady-state conditions it is not possible to track the MPP under constant input heat flux. In this paper the results of a study into the transient response of the TEG using power curves, obtained under conditions of constant heat flux and constant ∆ , are presented. The behaviour is then verified using experimental data. The effects of the dynamic response are shown using a boost (step-up) converter controlled by a microcontroller that implements a P&O algorithm.
2.

Dynamic Response
This section presents an analysis of the dynamic response of a TEG operated under constant heat flux conditions. Nonetheless, the electrical characteristic curves for constant temperature difference are also fundamental to aid the behaviour of the TEG in a thermally dynamic environment. Any change in the operation conditions of a TEG operating under constant heat flux will occur at constant temperature. This is because the temperature of the system will not change instantaneously when the operating condition is changed. This effect is only valid at the moment the load change is applied. The temperature across the TEG will then change until the system reaches a new steady-state condition. This change in temperature is due to the Peltier effect that changes the effective thermal resistance of the TEG. The new steady-state condition corresponds to the crossover point between the constant heat flux power curve and the constant temperature power curve obtained at the new temperature difference across the TEG. For this reason it is important to inspect both types of curves in order to understand the transient response of the TEG. These transitions will be explained with the aid of Figure 1 and Figure 2 . It has been shown in [26] that the maximum power point of a TEG operating under constant heat flux corresponds to a point where > 0.5. Figure 1 The curve shown in Figure 1 is obtained by measuring voltage and current, and multiplying these values to obtain power genearated by the TEG. The heater is driven using a power supply unit, load transients are produced using an electronic load, the hot and cold side temperatures are measured using a data acquisition unit and the output voltage and current of the TEG are measured using digital multimeters. More details of the equipment used is found in Table 2 . Measurements have been taken every 50mA, a total of 10 points, and curve fitting has been used to produce the curve. The experimental points that make the curves shown in Figure 1 are obtained in steady-state conditions. Previous works have investigated the effect on temperatures due to short-circuit to open-circuit changes [28] and to fast load stepping for measurements under constant temperature difference [29] . The power-temperature curve of Figure 1 is not a symmetric parabola around the MPP. This can be seen from the fact that the MPP occurs at 0.225A, however, at 0.45A (double the value of I MPP ) the power generated by the TEG has not reached 0W; in other words, 0.45A does not correspond to the short-circuit current. The short circuit current is higher than 0.45A. The voltage vs current line is not straight as it occurs under consant temperature difference (where its slope relates to the internal resistance of the TEG [30] ). This behaviour is also reported by Min [27] , who provides useful mathematical relations between parameters obtained under constant heat flux and those for constant temperature difference. Min also reports in his work the main differences between TEGs operating under constant heat flux and under constant temperature difference, which are the basis for finding the maximum power point in TEGs under those operating conditions. The relationships found in Min's work are: i) The matched load resistance for a TEG operating under constant heat flux is different from that when operating under constant ΔT, ii) For constant heat flux the matched resistance that maximises power output also maximises conversion efficiency, which is not the case for constant ΔT; iii) thermoelectric properties (α, ρ, λ and Z) change during I-V measurements and, therefore, during measurements of the TEG's power curvers. These relationships evidence the dependancy of the main thermoelectric parameters with temperature, and therefore the relationship of the maximum power point of the TEG with output current (due to the parasitic Peltier effect).
In order to understand the transient response of a TEG we must also plot the power curves for constant ∆ . Figure 2 shows the same power curve of Figure 1 and also the power curves for several constant temperatures under steady-state conditions. The solid red line shows the curve for constant heat flux and the dashed lines represent power curves for constant ∆ at different values of temperature difference, which are shown in the graph next to each curve. The solid blue line represents the steadystate temperature difference across the TEG. The solid black points marked in the curves correspond to different electrical points when the output load increases and are summarized in Table 1 . Figure 2 with increasing load changes TEG
The constant temperature curves have been obtained by using the equations of the TEG using Eq. (4) and Eq. (5) with the values for R INT and V OC obtained experimentally as described in [14] and presented in Eq. (6) and Eq. (7), respectively.
If the TEG reaches steady-state at point 1, with 51.12 o C across it, and a sudden load step from 50mA to 100mA is applied, the temperature difference across the TEG will not change immediately at the time the load step is applied. This is because the thermal capacitances of the system prevent the temperature from changing instantaneously. Hence the TEG continues to operate under the constant ∆ curve corresponding to 51.12 o C, and the output power changes from 237mW (point 1) to 430mW (point 2). The output power then decreases exponentially, following the reduction in temperature gradient dictated by the thermal time constant of the system, from 430mW to a steady-state power of 400mW (point 3). Once steady-state is reached, the temperature difference across the TEG has decreased from 51.12 o C to 48.65 o C. When a second load step is applied from 100mA to 150mA the output power changes immediately from 400mW (point 3) to 541mW (point 4). Progressively the TEG reaches steady-state conditions delivering 509mW with a ∆ of 46.27 o C (point 5). This behaviour will be observed with increasing load changes up to the MPP. When increasing load changes are applied past the MPP, i.e. to the right of the MPP as shown in Figure  2 , the behaviour is similar to the previous situation, following the transitions across constant ∆ curves, with decreasing output power and temperature. If the TEG was operated under steady-state condition at point 6, with ∆ =39.49 o C, and a step load is applied from 300mA to 350mA, the power decreases immediately from 510mW to 472mW (point 7). Once the system reaches steady-state (point 8) the power decreases further to 406mW and the temperature decreases to 37.34 o C. When another load step is applied from 350mA to 400mW the output power decreases immediately from 406mW to 321mW (point 9) and at steady-state it becomes 253mW with ∆ =35. 26 o C. Figure 3 shows the different transitions when the load current is stepped down. The same principles apply when moving from higher to lower load currents. The temperature difference across the TEG does not change immediately due to the thermal capacitance of the system and there will be transitions between constant ∆ and constant heat flux power curves. The points marked in Figure 3 are numbered in the order the transitions occur. Transitions across the same constant ∆ curve occur immediately whereas the transitions between a constant ∆ curve and the constant heat flux curve correspond to exponentially increasing or decaying transitions dictated by the thermal resistances and capacitances of the system. The difference between the thermal and electrical time constants is several orders of magnitude: depending on the electrical reactances in the circuit, settling time is usually measured in the order of nanoseconds where as for the thermal response the settling time is many minutes [31] . This difference in time constants poses a particular challenge to the development of an MPPT algorithm that is able to simulateously accommodate the thermal and electrical responses to determine the true MPP.
3.
TEG Test Fixture
The test fixture used to obtain the transient response of the TEG to step load changes is similar to the one described in [30] and it is represented in a schematic diagram in Figure 4 (left). A picture of the test rig is also shown in Figure 4 (right). The system uses an aluminium water-cooled heatsink block at the top that is used as the cold side temperature reference of the TEG. The temperature of the water is controlled and kept constant using a chiller that keeps the heatsink temperature at approximately 25 o C. Heat is provided to the system by a resistive electrical heater placed inside an aluminium heater block placed underneath the TEG, with same surface area of contact. The heater is controlled by a power supply to meet the desired test conditions. A fumed silica board and fibre glass are used around the TEG assembly to reduce radiation and convection losses to ambient. The clamping force of the TEG between the water and heater blocks is controlled with a stepper motor and can be adjusted to meet the desired clamping force. The load cell is the sensor that measures the clamp force across the thermoelectric device. Temperature and electrical measurements are performed by a datalogger and all instruments are controlled by a VEE pro ®2 PC interface. A more accurate description can be found in [30] with the main difference being that the stepper motor is placed on the top of the test rig. The thermal system is not perfectly insulated and part of the heat generated by the heater block is lost to the surrounding environment. Extra heat is injected into the system to compensate for these losses and the amount of heat required can be calculated using Eq.(8) [32] .
Eq. (8) has been obtained experimentally by using a vermiculite block instead of a TEG to minimize the amount of heat going to the cold side. By keeping the cold side temperature close to ambient, 25 o C, it can then be assumed that most of the heat is being lost to the environment and therefore the input power can be approximated to the heat losses. The method is explained in [32] . This equation is valid for temperatures in the hot side above 40 o C, which are the temperatures reached on the hot side during the experiment and represent an approximation of the heat losses. The equation shows a loss of 3.176W when the hot side temperature is equal to 80 o C, which is the maximum hot side temperature reached in our experiments. With an input power of 35W, the losses represent 9.07% of the total input power. The same GM250-241-10-12 device and thermal conditions discussed in Section 1 have been used to obtain the experimental results presented in this section. In the next experiments the load current obtained from the TEG is adjusted in 50 mA increments or decrements and the voltage, current, hot side and cold side temperatures are monitored every 9 seconds. It is important to select a current step size that evidences the shape of the TEG's transient response. Current steps of 50 mA have been selected experimentally to make the transient response at 35W stand out, as it is seen in Figure 5 . The sampling time has to be small enough so that a sufficient amount of data points can be obtained to be able to plot the transient response with accuracy. On the other hand, too many data points will provide large files that could lead to a cumbersome acquisition program. For a "slow" thermal transient response, a sampling time of 9 seconds is enough to provide an accurate plot of the transient response. Figure 5 were plotted against the output current then the curve of Figure 1 would be obtained. Figure 6 shows an enlargement of the area encircled in Figure 5 , and provides an insight into the transitions described in Figure 2 . On the left side of Figure 6 the TEG is operating in steady-state conditions with a load current of 100mA and an output power of 400mW. When the load changes from 100mA to 150mA the output power increases instantaneously from 400mW to 541mW and then it decreases exponentially down to 509mW. The transient response corresponds to a first order system the time constant of which is dictated by the thermal resistances and thermal capacitances of the TEG system. It is out of the scope of this article to calculate the thermal resistance and capacitance that dictates the time constant of the system. References about articles and technical notes that calculate these parameters are provided [42] , [43] . These transitions correspond to points 3, 4 and 5 of Table 1 . The output voltage also changes following the same principles. In steady state the output voltage is 3.92V and it then changes instantly to 3.57V. This corresponds to an instantaneous change of voltage across the same ∆ =48.65 o C constant temperature curve, then reaching steady-state at 3.35V. When the load current is progressively reduced from short-circuit current to zero (open-circuit), the temperature across the TEG increases therefore the transitions occur towards higher ∆ curves. The transient response showing the output power and voltage in a TEG under these load steps is shown in Figure 7 . The graphs show both the instantaneous transitions across constant ∆ curves and the exponential transitions towards steady-state. Figure 8 provides an enlarged view of the encircled area in Figure 7 where the transitions between points 6, 7 and 8 in Figure 3 are labeled with their corresponding values. 
4.
Transient Response: Experimental Results
Maximum Power Point Tracking Errors
There are different ways to implement MPPT for thermoelectric devices [33] , [34] , and most of these methods are inherited from photovoltaic (PV) systems. The most common methods are fractional opencircuit (FOC) voltage [35] , Perturb and Observe (P&O) [36] , [37] and Incremental Conductance (IC) [38] . P&O and IC are generally known as "hill climbing" algorithms: the electrical operating point of the TEG is continuously perturbed and the instantaneous power delivered is compared to the power measured in the previous iteration. The algorithm effectively climbs along the power curve towards its peak power point (MPP). In a practical dynamic application the temperature profile is influenced both by the input thermal power to the TEG hot (or from the cold) side and by the electrical current provided by the TEG to the load. Consider now that the TEG is driven by a constant heat source and it is left in open-circuit until thermal equilibrium is reached at ∆ = 51.12°C. With the aid of Figure 9 , to this initial temperature state is associated a constant ∆ curve (yellow, dotted). Operating the TEG at half of the open-circuit voltage (FOC at 50%) corresponds to working at the MPP of that particular constant ∆ curve (point 1). As explained in [26] and following Eq. (2), the temperature across the TEG starts to decrease because the electrical current generated by the TEG gives rise to the Peltier effect, undersired in power generation. After a thermal transient whose length depends on the thermal fluxes and heat capacities of the system, the TEG will be subject to a lower ∆ of 46.27°C, to which a new constant ∆ curve is related (grey, dotted). The electrical load is changed to the new MPP of this "new" curve (point 2 in Figure 9 ). When the temperature difference decreases to 42.4°C, and the load is changed to the new MPP of the power curve for that temperature, the operating point is moved to point 3 of Figure 9 . The operation here described assumes that the electrical operating point changes discontinuously at time intervals for sufficiently long for temperatures to settle even after large temperature changes. The steps described in the previous paragraph are repeated until the TEG is operated at a temperature difference for which the MPP of the constant ∆ curve associated to it lies also on the power curve for constant heat flux (point 4 in Figure 9 ). It is clear from Figure 9 that the point reached in the constant heat flux curve is not the real MPP. Point 4 corresponds to the MPP at ∆ =39.9 o C, and it is also the final steady-state point because this point also corresponds to a point in the constant heat flux curve. However, the MPP of the curve for constant heat flux is point 5 of Figure 9 . This point is obtained generating less current at higher voltage compared to point 4. Although point 5 is not the MPP of the constant ∆ curve (in fact, it would be point 3) it lies also on the peak of the curve for constant heat flux. Figure 9 shows that the power curve in constant heat flux (bold red) has a parabolic shape similar to that of a constant ∆ curve. As a consequence, it seems straightforward that a ¨hill climbing¨ MPPT algorithm, e.g., P&O, would find the optimum operating point for TEGs also under constant heat flux conditions. However, common P&O algorithms developed for solar PV systems have sampling frequencies in the order of few tens of Hertz [41] . As it can be seen in Figure 5 and Figure 7 the thermal time constant of the system used is approximately one minute. This in turn means that a "fast" P&O algorithm (considering as "fast" the sampling rates of a conventional P&O for PV systems) would not be able to account for the thermal transients due to variations in the output current, because they have a time constant significantly greater than the sampling time of the algorithm. Hence the P&O algorithm would quickly settle on the MPP of the actual constant ∆ curve. For this reason, it would operate the TEG exactly as described above in this section, i.e. eventually settling at point 4 of Figure  9 . Significantly reducing the sampling rate of the P&O algorithm to allow for thermal transients to evolve after each load perturbation would allow for effective tracking of the MPP for constant heat flux. As shown in Figure 9 the sampling time should allow for at least 4 thermal time constants before taking measurements, otherwise it could be deceived. As the thermal time constant is related to every particular TEG system, it is not straightforward to decide the optimal sampling time a priori. However, reducing the sampling time severely affects the transient response to external events, e.g., thermal energy and temperature variations. A possible solution to this problem is to sense and establish when the system has reached thermal steady state following a known load perturbation. Moreover, in a practical system the input thermal energy varies depending on the heat source and a reliable MPPT algorithm is required to account for "unknown" thermal variations due to external causes.
6.
TEG Operated Under Constant Heat Flux and the Maximum Power Transfer Theorem
It is well known that under constant temperature conditions, the MPP is reached when the value of the output load is equal to the value of the internal resistance of the TEG, as indicated by the maximum power transfer theorem. The load voltage under these conditions is equal to half of the open-circuit voltage of the TEG and β=0.5. Under constant heat flux the maximum power point is produced when β>0.5, which corresponds to a load voltage that is higher than half of the open-circuit voltage of the TEG. This point is equivalent to point 5 in Figure 9 , with ∆ =42.4 o C. At this point the internal resistance of the TEG is not equal to the load resistance, however the TEG is not operated at the MPP of the ∆ =42.4 o C curve; that is, point 3.
At point 3, the internal resistance of the TEG is equal to the load resistance and the conditions dictated by the maximum power transfer theorem are met.
It is important to note that, if the TEG operates at β=0.5, the output power would decrease due to the limited heat provided by the source (constant heat flux) and the power delivered by the TEG would decrease to point 4; where β=0.5 but the power delivered is lower than that in point 3.
7.
Experimental Results
A boost (step-up) dc-dc converter has been designed to verify the operation of the TEG under constant input heat flux conditions; the schematic diagram of the power converter is shown in Figure 10 , where the TEG has been modeled as a voltage source with a series resistor that represents the internal resistance of the TEG. The current (I) is measured using a current sensor that measures the voltage across a shunt resistor in series with the output of the TEG. The sensor produces a voltage (V) across R L proportional to the TEG's output current. Voltage is measured using a potential divider connected across the output terminals of the TEG. The variables V and I are scaled down for compatibility with the voltage reference of the analogue-to-digital converter of the microcontroller. A gate driver is used to provide the current required for a fast switching operation of the power MOSFET. The boost converter is used to charge a Li-ion battery, which can be considered as a constant voltage at the output of the converter. The control of the power converter is performed with a microcontroller that implements P&O and the control scheme is shown in Figure 11 . This type of control can be implemented in embedded systems. The P&O algorithm implemented finds the MPP by comparing the power generated by the TEG against the value of power measured in the previous iteration. The time between power samples is around 4 times the time constant of the TEG system, which allows enough time for the microcontroller to capture the steady-state value of power. Because the converter controls the power generated by a single thermoelectric device, the algorithm does not implement any mechanism to be able to reject local maxima. The algorithm starts-up setting the initial operating point of the TEG in open-circuit and performs the operations described in Figure 11 . Note that the speed of the algorithm could be improved by setting the initial operating point to half of the open-circuit voltage.
It is important to decide on the size of the duty-cycle change in order to improve the speed of the algorithm. As it can be seen in Figure 1 , the power delivered by the TEG changes to a small extent in the vicinity of the MPP. The algorithm applies small changes in duty-cycle, 0.3125%, in the vicinity of the MPP and bigger changes, 1.25%, otherwise. 0.3125% is the minimum change in duty-cycle the microcontroller used can provide. Increasing the minimum duty-cycle by a factor of four; that is, 1.25%, has been experimentally found to be a good compromise between MPP tracking speed versus magnitude of oscillations around the MPP.
The direction of the perturbation is dictated by comparing the value of power generated by the TEG against previous measurements. The latest measured power P is saved as it is used in the next program iteration as P O . This work has not analysed the effect of measurement noise and explored ways for the algorithm to recover from such instances and erroneous/unexpected behaviour. The power converter described above in this section is interfaced to the TEG system described in Section 1 and 2, operated under constant heat flux. Figure 12 shows a graph of the power and voltage generated by the TEG during 700 seconds of operation with a constant heat flux of 35W. The power generated by the TEG differs by less than 30mW from the MPP shown in Figure 1 , which corresponds to a 5.2% difference with respect to the peak power in Figure 1 . Nonetheless, the voltage set point is correct, therefore this small difference in power production is attributed to measurement errors in the power converter board (especially in current measurements) as well as in small differences in thermal conditions between the two experiments. The most interesting characteristic of the traces in Figure 12 are the shape of the power and voltage transitions which correspond to those observed in Figure 5 and Figure 7 . It can also be observed that there are only two transitions in one direction before the P&O algorithm changes the direction of the perturbation, indicating that the power delivered by the TEG oscillates around a maximum point that corresponds to the MPP. This is also the desirable behaviour, as minimizing the oscillations around the MPP helps to maximize the power generation, as the operating point does not move far from the MPP; as well as minimizes the amount of voltage and current ripple at the terminals of the TEG.
8.
Conclusions
The transient response of the TEG is the typical of a first order system, with transitions along constant ∆ curves. Experimental results of the transient response are shown when electrical load step changes are applied to a TEG that operates under constant heat flux. The time constant of the TEG system is an important factor to take into consideration when designing MPPT algorithms, as the shape of the transient response could lead to tracking errors, as explained in Section 5. The slowly changing thermal system is to be expected and any algorithm applied to the control task must be matched to the physical parameters. The option explored in this article is, indeed, to wait for a relatively long time before samples are taken and processed, and the system is perturbed to the next operating point. These results show that MPPT algorithms used for PV systems that use fast sampling rates, that are orders of magnitude greater than the typical thermal time constant of a TEG system, are not adequate for thermoelectric systems. An experimental application using a boost dc-dc converter controlled by a P&O algorithm further demonstrates the performance of a TEG operated under constant heat flux conditions. Experimental results show the characteristics of the transient response when the operating point of the TEG is perturbed. The MPPT algorithm is demonstrated to operate the TEG in close proximity of its MPP for constant heat flux conditions, proving that allowing for the transient response to subside between two consecutive samples helps minimizing oscillations and tracking errors. In a real TEG system the thermal time constant might vary with external temperature conditions or mechanical variations in the TEG system that could affect the thermal capacitances and resistances of the system. A fixed sampling time might provide wrong results if the thermal time constant of the system increases or might lead to unnecessary waiting time if the thermal time constant decreases. In other instances, e.g., vehicle exhaust systems, the available heat flux is unlikely to be constant [11] . In order to overcome this issue, the algorithm must monitor the output power constantly in order to assess when it has reached its steady-state value. By doing so, the performance of the algorithm will not be influenced by changes in the thermal time constant or heat flux through the system as it ensures that all the power samples computed to decide on the next perturbation correspond to points of the constant flux power characteristic curve. Moreover, the MPPT system must identify external changes in the operating conditions to ensure fast tracking performance during transients. These features represent the topic of future work because they are fundamental to the design of an effective MPPT algorithm capable of strong performance in practical TEG systems at steady state and during transients.
Other MPPT techniques to be explored are based on adaptive MPPT algorithms where the changes in duty cycle are proportional to the rate of change of power with respect to voltage (dP/dV). These techniques are explained in [44] and [45] and help reducing the step size in the proximity of the MPP thus reducing the oscillations during steady-state. Extremum-Seeking Control (ESC) techniques, [46] and [47] , are employed when the power curve of the device to be controlled is non-linear and unknown and can also be employed for TEG systems whose characteristics are subject to change with time.
